The DNA of most eucaryotes and some bacteria contains 5-methylcytosine (5meC). In Escherichia coli, the product of gene dcm methylates the internal cytosines in the sequence 5ЈCC(A or T)GG (36) . Deamination of 5meC produces thymine (T), leading to transition mutations. Hot spots for spontaneous C-to-T mutations have been observed at 5meC in E. coli gene lacI (11) and in prophage gene cI (30) . Mutation at 5meC is even more frequent in the absence of a specific very short patch (VSP) repair system that removes the T resulting from deamination and replaces it with C (22, 30) . VSP repair also corrects T:G mispairs arising in heteroduplexes during recombination or present in heteroduplex bacteriophage DNA introduced into competent bacteria (27, 41) . T:G mispairs in double-stranded DNA oligomers have been employed in studies of the repair mechanism in vitro (21) . VSP repair is mediated by the product of gene vsr, which in E. coli is immediately adjacent to dcm (45) . The product of vsr is an endonuclease that introduces a nick 5Ј to the T in a T:G mismatch (21) . Removal of T and replacement with C is mediated by DNA polymerase I (14, 19) . Gene vsr has been cloned, and its overexpression increases the efficiency of VSP repair in E. coli (30) .
VSP repair is not limited to T:G mispairs arising in 5ЈCCAGG by deamination of 5meC. Studies of VSP repair in vivo have shown that T:G mispairs are corrected when they occur in all of the contexts listed below (21, 32, 38, 40) : 5ЈCTAGG3Ј 5ЈCTTGG3Ј 5ЈCTAGA3Ј 3ЈGGTCC5Ј 3ЈGGACC5Ј 3ЈGGTCT5Ј 1 2 3
5 Ј CTAGT3Ј 5ЈTTAGG3Ј 5ЈGTAGG3Ј 3ЈGGTCA5Ј 3ЈAGTCC5Ј 3ЈCGTCC5Ј 4 5 6 In vitro, purified Vsr has been shown to nick 5Ј to the mismatched T in contexts 1, 2, and 5 and also when the last base pair in context 3 is replaced by C:G (19) . This suggests that T:G mismatches in all CT(A/T)GN and NT(A/T)GG contexts may be recognized by Vsr. It was recently reported that for in vitro repair, the central A or T can be replaced by C or G (19) . There is contradictory information in the literature regarding mismatch repair of T:G mismatches in additional contexts. In a previous study of mismatch repair during phage crosses, Lieb et al. (32) found no evidence for VSP repair of C-to-T mutations in CAG codons not flanked by either a 5Ј C or a 3Ј G. Gläsner et al. (19) concluded from in vitro studies that VSP repair required a pyrimidine 5Ј to the mismatched T and a purine as the base 3Ј to TNG (19) . However, some lacI amber mutations not meeting these criteria produced excess recombinants, attributable to VSP repair, in crosses with nearby mutations (10) . We have therefore extended prior studies of VSP repair of T:G mismatches arising in different contexts during phage recombination in E. coli.
VSP repair is reduced, but not abolished, in bacteria with mutations in mutL or mutS (22, 23, 29, 41, 52) . MutS and MutL are required for long-patch methylation-directed correction of mismatches resulting from replication errors (reviewed in reference 39). MutS protein binds efficiently to T:G mispairs (48), and this is followed by binding of MutL to MutS (20) . However, in vitro, Vsr endonuclease nicks 5Ј to mispaired T in the absence of MutS (21) . This apparent discrepancy could be understood if MutS and MutL are required only when the concentration of Vsr is limited. The studies described here indicate that there is a hierarchy of contexts related to 5ЈCTAGG in which T:G mispairs are corrected to C:G with decreasing efficiency and increasing dependence on MutS and MutL.
MATERIALS AND METHODS
Bacterial and phage strains. Bacteria, plasmids, and phage mutations are listed in Tables 1 and 2 .
Media. TBM consisted of 1% Bacto Tryptone, 0.5% NaCl, 0.2% maltose, and 0.2% MgCl 2 ⅐ 6H 2 O. Agar for plates consisted of 1% Trypticase (BBL), 0.9% agar (U.S. Biochemical), and 0.5% NaCl. Top agar consisted of 0.8% Bacto Nutrient Broth, 0.6% Bacto agar, 0.5% NaCl, and 0.2% MgCl 2 ⅐ 6H 2 O.
Phage crosses. Strain C600 was used to prepare phage stocks and to assay total phage progeny in crosses. Four-factor crosses were made as previously described (26 Table 3 . In some crosses, the frequency of cI ϩ recombinants arising in the Vsr Ϫ host was significantly higher than that expected if there is no mismatch repair (these data are underlined). As discussed below, it is likely that a correction system(s) other than VSP repair accounts for these excess recombinants. We subtracted the frequency of cI ϩ recombinants arising in the Vsr Ϫ strain from the frequency in the Vsr ϩ strain to obtain a measure of the frequency of excess recombinants attributable to VSP repair (Table 3) . We then computed the relative frequencies of mismatch repair of T:G mismatches in different contexts by designating the excess cI ϩ frequency observed with am6 (cross 1) 100% (Table 3) . Crosses 11 and 12 involve C-to-T mutations that arose in contexts other than CAG, and these crosses serve as negative controls.
Substitution of T for the 5Ј C in CTAGG reduced the efficiency of VSP repair 34% in the case of am10 (cross 2) and 45% for am15 (cross 3). A somewhat greater reduction in repair efficiency resulted from the replacement of the 5Ј C with G (am9, cross 5). Substitution of A for the 3Ј G in 5ЈCTAGG also reduced VSP repair to less than 50% of that with am6 (amB36, cross 4). However, in all of these contexts there was significant correction of T:G mispairs when Vsr was supplied on a plasmid.
Will C-to-T mutations in all NCAGN contexts be corrected by VSP repair? There was significant VSP repair of am288, in the sequence TTAGT, although the efficiency was only about 25% of that observed in the cases of am10 and am15, where the mispaired T is in TTAGG (Table 3 ; compare crosses 2, 3, and 6). Mismatch repair of amber mutations in sequences ATAGT, GTAGC, and GTAGT was even less efficient (crosses 7, 8, 9, and 10). In fact, the frequencies of recombinants in crosses with amJ7, am282, and amC58 were not significantly higher than those of recombinants in crosses utilizing C-to-T mutations that are not in the TAG context (crosses 11 and 12) . This suggested that T:G mispairs in some NTAGN contexts might not be subject to VSP repair.
We have observed that many agents that inhibit phage replication increase the frequency of cI ϩ progeny attributable to VSP repair (data not shown). A delay in DNA synthesis increases the probability that base mispairs in heteroduplex regions will be corrected before replication. Since the DnaB product of E. coli is required for DNA synthesis (18) , one can slow phage replication by incubating infected dnaB(Ts) bacteria at 40ЊC. All of the amber mutations that arose in CAG codons plus an additional C-to-T mutation were crossed, in a dnaB(Ts) host, with nearby mutations that were not the result of C-to-T transitions. To determine whether these latter mutations were subject to any type of mismatch repair during inhibition of DNA replication, each of them was crossed with a third cI mutation not subject to VSP repair. When DNA synthesis was temporarily inhibited, excess cI ϩ recombinants were found in all crosses employing the C-to-T mutations that arose in CAG (Table 4) . No excess recombinants arose in crosses with am1, a C-to-T mutation in a CAT context (cross 10). In control crosses (Table 4) , excess recombinants were found only in crosses with am3, am289, and am273 (data underlined), which are G-to-T mutations and subject to mutY repair (1, 41) . When these mutations were crossed with C-to-T mutations (Table 4) , cI ϩ frequencies were 7-to 30-fold higher than in control crosses.
Importance of MutL and MutS for VSP repair. In previous studies with mutation am6, a deficiency of MutL or MutS reduced the frequency of VSP repair during recombination by about 70% (23, 29) . We have compared the levels of VSP repair of mutations am6, am10, and am9 in mutL ϩ mutS ϩ bacteria and in isogenic mutL or mutS strains. All of these bacterial hosts contained vsr ϩ on a multicopy plasmid. As shown in Fig. 2 , VSP repair of am6 was not diminished significantly in mutL or mutS bacteria. However, even when Vsr was supplied by a vsr ϩ plasmid, VSP repair of mutations am10 and am9 was quite significantly reduced in the absence of MutL or MutS. The reduction was greater in the case of am9, which was also repaired less efficiently than am10 in Mut ϩ bacteria (Table 3).
Since MutL and MutS can increase VSP repair, we explored Table 5 ). Addition of a vsr ϩ plasmid, on the other hand, increased mismatch repair by a factor of 3 ( Table 5 ). The presence of a mutS ϩ plasmid also reduced VSP repair in GM31, a strain deficient in Vsr, while a vsr ϩ plasmid greatly increased VSP repair (Table 5) . Thus, while MutS, together with MutL, can enhance Vsr activity, MutS in a high concentration interferes with VSP repair.
Short patch repair in Vsr ؊ bacteria. As stated above, in crosses to study VSP repair of C-to-T mutations, we used as partners cI mutations (other than C to T) that had not produced a large excess of cI ϩ recombinants when crossed with similar nearby markers. However, as shown in Table 3 , crosses 3, 6, and 7, when made in Vsr Ϫ bacteria, produced significantly more cI ϩ progeny than expected in the absence of mismatch repair. In cross 7, excess recombinants in Vsr Ϫ crosses are attributable to mismatch repair of the G-to-T mutation am14 by MutY, which corrects G:A mispairs to G:C (1, 40) . Excess recombinants in crosses 3 and 6 may be the result of repair of C:C mispairs to C:G by a third short patch repair system (40) .
DISCUSSION
Efficiency of in vitro VSP repair in different contexts. Table  6 lists TAG sequences with all possible permutations of 3Ј and 5Ј flanking bases. Unfortunately, C-to-T mutations resulting in amber codons are not available in all of these contexts. We have therefore included data from other experiments performed with E. coli in which there was evidence for mismatch correction. Coulondre and Miller, in their studies of recombination between closely linked lacI mutations, obtained excess recombinants in crosses with many amber mutations (10) . Different events lead to heteroduplex formation during bacteriophage recombination and in bacterial recombination involving F plasmids. However, since VSP repair is entirely dependent on bacterial genes, it is unlikely that the recombination process affects recognition of mismatches in the resulting heteroduplexes. Because the lacI crosses were made in Vsr ϩ bacteria, we may assume that the excess recombinants are attributable to VSP repair. Table 6 also includes data from transfections of E. coli with heteroduplex DNA containing T:G mispairs in gene P (41) .
The highest frequencies of recombinants attributable to VSP repair were observed in crosses with amber mutations that arose in 5ЈCCAGG sequences. In crosses and F-mediated recombination, VSP repair of T in CTAGH (H ϭ A, T, or C) or DTAGG (D ϭ T, A, or G) was significantly less efficient than repair in CTAGG. However, the frequency of mismatch repair in these contexts was close to the frequency in CTAGG when DNA replication was inhibited during the cross ( Table  4) . Substitution of T for the C 5Ј to the mismatch (cIam10 and am15) was more favorable for mismatch correction than substitution of a purine (cIam9). Similarly, VSP repair was favored by the presence of a purine 3Ј to TAG (cIamB36 and Pam9), but repair was also observed when there was a T or C at this site.
Since Vsr prefers a pyrimidine 5Ј and a purine 3Ј to a T:G mismatch in TAG, we expected that an amber mutation in the context 5ЈTTAGA would give excess recombinants in crosses. lacI mutation A5 is in this context and produced relatively high frequencies of recombinants in crosses with nearby mutations (Table 6 , sequence 9). lacI and cI mutations in other 5ЈDTAGH contexts produced fewer recombinants. However, the frequency of recombinants for all C-to-T mutations resulting in TAG was at least fourfold greater than that for mutations producing TAA (Table 6 , sequences 18 to 20). The cI mutations that were repaired poorly when there was rapid DNA replication (Table 6 , sequences 13, 16, and 17), exhibited an approximately fourfold-higher level of repair when DNA synthesis was inhibited (Table 4) . Thus, all of the tested amber mutations that arose in CAG were subject to VSP repair under some conditions. Importance of context in other mismatch repair systems. During phage crosses, mutations resulting from G-to-T (or C-to-A) transversions give rise to G:A mispairs, which should be correctable by MutY repair. We used four such mutations as neutral markers in the crosses shown in Table 3 : am500 in crosses 2 and 8, am14 in cross 7, CP177 in cross 10, and CP175 in cross 12. Excess recombinants in the vsr host appeared only in cross 7 (am14; see also control cross 6 in Table 4 ). This indicates that context is an important factor in MutY-mediated short patch repair, as suggested by others (33, 40) . Sequencespecific short patch mismatch repair also occurs in Streptococcus pneumoniae during transformation (25) . A C-to-A transversion in the sequence 5ЈATTCAT is corrected when the A is mispaired with G. Base substitutions at all positions reduced correction of A:G, and a T-to-C transition in position 6 abolished mismatch repair (17) . A short patch mismatch repair system that may be specific for coliphage T4 corrects heteroduplexes with heterologies of two or more contiguous bases (43) . In this phage-encoded system, repair seems to be stimulated by runs of four A ⅐ T base pairs on either side of the heterology. Sequence context also influences the efficiency of methyl-directed (long patch) mismatch repair in E. coli (39) . For transversion mismatches, the efficiency of correction increased with increasing GϩC content in the 4 bp on either side. However, no strong context effect was detected in the case of transition mismatches (24) .
How do MutS and MutL enhance VSP repair? MutS binds more strongly to T:G than to any other mispair (48) . Subsequent binding of MutL to MutS is followed by ATP-dependent formation of DNA loops that appear to arise from the MutLMutS complex (39) . Translocation of DNA by the complex can account for these loops. Since addition of a vsr ϩ plasmid increases VSP repair, the amount of Vsr in a bacterium must be limited. Let us suppose that nonspecific binding to DNA further reduces the amount of Vsr nuclease available to bind at specific mismatches. Translocation of DNA by MutS and MutL (which are present in relatively high concentrations) would convey Vsr to T:G mismatches. If a mismatch is in one of the preferred contexts, Vsr would displace MutS. We have shown that MutS and Vsr compete, since excess MutS supplied on a multicopy plasmid can reduce VSP repair. Genes with homology to mutS and mutL have been found in members of the family Enterobacteriaceae, streptococci, yeasts, and higher organisms (39) . Vsr may have evolved to take advantage of proteins that bind to T:G mismatches but do not otherwise promote mismatch repair in nonreplicating DNA.
VSP repair may maintain sequences important in enterobacteria. A system that favors the correction of T:G mispairs to C:G in certain contexts would be expected, over time, to affect the frequencies of particular tetra-and trinucleotides in the genome. The E. coli genome is, indeed, depleted of CT(A or T)G and T(A or T)GG tetranucleotides and has an excess of CC(A or T)G and C(A or T)GG (4, 7, 37) . The trinucleotides CAG and CTG are also overrepresented (4) . The existence of these significant anomalies in the genomes of E. coli and its close relatives suggests that VSP repair has functions other than the prevention of mutation at 5meC.
What might be the selective advantage for the ability to prevent C-to-T mutations at sites that are not methylated and thus are not potential mutation hot spots? Merkl et al. (37) have suggested that an important function of VSP repair in E. coli is the stimulation of localized gene conversion during recombination between dissimilar strains. However, avoidance of mutations in specific sequences is probably the primary effect of VSP repair. By virtue of its context preference, Vsr can prevent amber mutations in CAG codons and also help to maintain particularly important sequence elements in the genome.
The E. coli genome contains over 500 copies of the repetitive extragenic palindromic (REP) sequence, which is about 38 nucleotides long (47) . The REP sequence contains an inverted repeat; the consensus sequence is shown below.
The sequences in which T:G mispairs are recognized by Vsr are boxed, and the sites at which transition mutations are expected to be prevented by VSP repair are indicated by boldface. The REP sequences have been shown to affect gene expression and to play a role in chromosome rearrangement. A primary function may be to serve as binding sites for proteins, such as DNA gyrase, which are involved in chromosome structure (5, 50) . REP sequences are very abundant in E. coli, Shigella spp., and Salmonella spp. and somewhat less abundant in Klebsiella and Enterobacter spp. (13) . All of these bacterial genera also contain sequences hybridizing to dcm and vsr (31) . REP sequences are rare in Serratia and Proteus spp., in which dcm and vsr are absent (31) . We are drawn to the notion that G CC T G GA TGNCG A G CG T C (0-5 N) G A CG T C CTTA TC A C GG C h h g g VSP repair helps to preserve an important portion of the REP sequence palindrome. The RecBCD pathway is responsible for most of the recombination following conjugation or transduction, and the Chi sequence is very important in this pathway (44, 46) . Chi-dependent DNA-cutting activity has been observed in extracts of all the genera of enterobacteria in which vsr is present (31, 42) . Both the Chi sequence (5ЈGCTGGTGG) and its sister strand (5ЈCCACCAGC) contain sequences (underlined) in which T:G mispairs would be recognized by Vsr. Thus, VSP repair would be expected to prevent mutations that produce the Chi variants 5ЈGTTGGTGG and 5ЈGCTAGTGG, which have 38 and 5%, respectively, of Chi activity (9) . It has been pointed out to us by A. Taylor (49) that the recently published sequences of contiguous base pairs of E. coli DNA (8, 12, 51) contain 22 canonical Chi sequences but no occurrence of GCTAGTGG and only one occurrence of GTTGGTGG.
F. Hennecke and H.-J. Fritz have recently found that Vsr endonuclease processes U:G mispairs located in the appropriate sequence context (21) . Vsr reduces C-to-T mutation in ung mutant bacteria, in which the lack of uracil glycosylase causes persistence of U:G mispairs caused by cytosine deamination (16) . A major function of VSP repair may be to supplement uracil glycosylase in the removal of uracil from U:G mispairs that arise by deamination of cytosine in specific contexts. In the natural habitat of enteric bacteria, both replication and recombination are probably relatively rare events, but deamination of C and 5meC are expected to occur continuously. Elucidation of the long-sought function in bacteria of cytosine methylation and of the importance of VSP repair in mutation avoidance may emerge from studies (in progress) of bacteria under conditions simulating their normal environments.
